Introduction
On 26 December 2004 at 00:58:53 UTC (07:58 in Thai local time), a megathrust earthquake occurred west off the north part of Sumatra Island, Indonesia with its moment magnitude of 9.0 (USGS, 2005) , which is the fourth largest among the instrumentally recorded earthquakes. Tsunami accompanied with the earthquake propagated across the Indian Ocean and caused the catastrophic disasters in many countries facing the Indian Ocean. The countries which suffered the most number of casualties due to the tsunami are Indonesia (>160,000 casualties), Sri Lanka (35,000), India (16,000) and Thailand (8, 300) . Post field surveys to measure the tsunami heights and to investigate damages caused by the tsunami have been carried out by some international teams, whose results and summaries are complied at http://www.drs.dpri.kyoto-u.ac.jp/sumatra/index-e.html.
Four days after the event, Matsutomi et al. (2005) visited Thailand that is located approximately 500 km east from the tsunami source for one week as the first international survey team. Satake et al. (2005) then followed from 28 to 29, January 2005. According to their preliminary results, the tsunami heights were measured to be more than 5 m in Phuket Island, and more than 10 m in Khao Lak located about 50 km north of Phuket Island. Two previCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. ous surveys were almost finished in Phuket Island and Khao Lak. From 24 February through 4 March 2005, we surveyed along the coastal area between Phuket Island and Ranong, so that the whole area along the Andaman Sea would be covered. Tsunami height survey on the coast as far north as the border of Thailand, i.e., Myanmar coast, was carried out by Satake et al. (2006) . The preliminary report of our survey has been published by Namegaya et al. (2005) in Japanese.
Eight tide gauge stations exist on the coast of the Andaman Sea in Thailand, which are operated by two different organizations; five of them are operated by Thai Marine Department (TMD) and three of them are operated by Hydrographic Department of Royal Thai Navy (HDRTN). Seven stations were in operation and recorded the whole sea level change during the tsunami attacks. We visited some of the tide stations, and collected information on their structure and accuracy, in addition to the recorded tsunami waveforms.
In this paper, the measurements of tsunami heights as well as the tide gauge data of the 2004 Indian tsunami on the Andaman Sea coast of Thailand are reported.
Summary of the Survey
We organized a combined survey team of 6 scientists both from Japan and Thailand, of which Tsuji served as a leader. Iwasaki visited Thailand and negotiated both with Thai Meteorological Department and Hydrographic Department of Royal Thai Navy prior to our field survey. After Iwasaki came back to Japan, he maintained daily communication with our team during the survey.
We arrived in Thailand on 24 February 2005, and we had a pre-survey meeting to discuss the plans and objectives of the survey at Hydro and Agro Informatics Institute (HAII) in Bangkok at first. We then moved to Phuket Island and we started to survey as far north as Ranong until 3 March 2005. We proceeded northward along the coast of the Andaman Sea, while we decided where we would survey for the next Because we could obtain Thai maps on a scale of 1:250000 in Japan, we could have some information such as distribution of major villages on the coast of the Andaman Sea between Phuket Island and Ranong before the survey.
Most villages are located along the national road of Route 4 that runs parallel to the coast line, while some of them are located far from the main road. In the case that our interested spot was inaccessible by a car, we were obliged to approach on foot.
Some offshore islands, such as Ko Ra, Ko Phra Thong Islands that are inaccessible directly by a car exist in the midway between Phuket Island and Ranong. We considered that these islands were severely attacked by the large tsunami, because they are openly faced to the Andaman Sea. We recognized that it was worthwhile to measure the tsunami heights on these islands. Either ferry or chartered boats were used in order to land the islands across the sea. We surveyed totally 37 points between the southern most poin of Phuket Island and the north of border of Myanmar except for Phuket Island and Khao Lak where two teams had already surveyed. As a result, the whole coastal area of the Andaman Sea in Thailand, including four islands, Ta Phao Noi, Ko Kho Khao, Ko Phra Thong, and Ko Ra Islands could be covered. Measurements of the tsunami height at Chalong in Phuket by Matsutomi et al. (2005) and that at Ban Nam Kim by Satake et al. (2005) are overlapped with 
Measurement of Tsunami Height
For the measurement of tsunami height, six kinds of evidences have been defined and classified as follows, (1) eyewitness accounts by the survivors (denoted by H ), (2) either broken branches on trees or debris on trees or buildings (denoted by T ), (3) death of vegetations due to salty water (denoted by D), (4) visible water marks on walls or structures (denoted by W ), (5) damaged windows or roofs by water current (denoted by B), and (6) objectives or vegetations originated in the sea left on beaches, farms, or fields (denoted by R). Most of inundation or run-up heights could be classified into these six categories above men- tioned. Based on these categories, we first classified the type of evidences either inundation or run-up, and we then measured its height.
We measured both the vertical and the horizontal penetrations from the shoreline by using both the hand level with the staff and the total station system instrument. We need to compensate the astronomical tidal correction, because the measured heights are based on the local tide level (shoreline level) at the time of each measurement. Difference of elevation between the astronomical tidal levels at the time of tsunami attacks and that of the measurement needs to be compensated to the measured level in order to derive the net tsunami height. Detailed scheme of this compensation is described in the guideline of Intergovernmental Oceanographic Commission (1998). Because Hydrographic Department of Royal Thai Navy and Tsuji et al. (2005) made a chart datum of predicted tidal level, we used these dataset to synchronize the local tidal level. Although other possible meteorological effects such as air pressure or wind surge may be considered, these are not taken into account in the present compensation.
Results of Tsunami Survey
The results of tsunami height measurements on the coast of the Andaman Sea in Thailand are compiled in Fig. 1 and Table 1 , in which location, latitude and longitude at the measured site, horizontal distance from the shoreline, tsunami height after the tide correction, and type of the evidence are presented. Remarks denoting by H , T , D, W , B and R indicate the types of evidences mentioned in the previous section. The horizontal distances are calculated from two locations measured by GPS instruments at the penetration limit and at the shoreline as a reference site.
Note that the vector connecting between measured and referenced sites are not always at right angle with the shoreline. Figure 1 in which , ♦, and indicate tsunami heights measured by our team, Matsutomi et al. (2005) , and Satake et al. (2005) , respectively, shows the distribution of the tsunami heights. Times shown in Fig. 1 at Ban Pak Nam, Ramson, and Ban Nam Kim represent the tsunami arrival time by eyewitnesses' accounts in local time. We describe the damages due to the tsunami and the condition of some major survey sites from north to south. 4.1 Ban Pak Nam Port (No. 1, indicated number corresponds to that in Fig. 1 and Table 1 ) Ban Pak Nam Port at Ranong is located at the border between Thailand and Myanmar, which is the ferryboat terminal connecting to Myanmar. A man who works at the port office said that the sea surface retreated gently and dried up, and the bottom could be seen once, then the sea surface again rose up. Tsunami height of 1.7 m after the tide correction was measured at a point of inundation on a slope which is pointed by him. We also obtained the other eyewitness account that the sea level change began at about 10:30 in local time.
Ramson (Nos. 7, 8, and 9)
There is an office of the national park in Ramson. Three measurements of tsunami height have been carried out here. The roof of the office has been damaged due to the tsunami, whose height is measured to be 4.9 m. Water mark on the wall inside the office house could be found as shown in Photo 1(a). We measured that the tsunami height on the wall inside the house was 4.8 m. On the other hand, another water mark on the column outside left as shown in Photo 1(b), which is measured to be 4.2 m. The horizontal distance between these two water marks is about 5 m. Even though a horizontal distance between two points is only 5 m, 0.6 m difference of the tsunami height could be found. Assuming that two water marks were made by the same phase of the tsunami current as well as the current speed inside the house was zero, the Bernoulli (or the Torricelli) theorem can be applicable to estimate its current speed. It is estimated as (2gd) 1/2 , where g and d is gravity acceleration and difference of water heights, respectively. The current speed could be estimated to be roughly 3.4 m/s. Because inundation depth is about 1.5 m as referred to a human's height at the present site as shown in Photo 1(b), the Froude number, which means a ratio of current speed to (gh) 1/2 , where h is inundation depth, results in 0.9, which means the current was subcritical but close to the critical limit. We could obtain the eyewitness account that the arrival time of tsunami was at about 11:10 in local time.
Ban Thale Nok (Nos. 10 and 11)
Only a two-story hospital built by reinforced concrete remained, in contrast that all buildings and houses were completely washed away by the tsunami in Ban Thale Nok. Because the roof of the hospital was damaged by the tsunami, the tsunami height of 6.8 m could be measured. Visible water mark left on the wall of the second floor inside the hospital, which indicated 6.2 m high. From the difference between two heights, water current speed could be estimated at 3.4 m/s, and the Froude number is 0.6, because of the inundation depth of 3 m.
Hat Praphat (No. 12)
Hat Praphat is where Ranong Coastal Resources Research Station has been established. The tsunami height of 5.0 m was measured based on the eyewitness account by the staff who said the sea water reached at the lower edge of roof on the first floor. He was carried by the strong current of the tsunami when he was driving a car. After the car was rotated several times, he escaped from the car and climbed up a mangrove tree. Finally, he successfully survived from the tsunami.
Ban Thung Dap (No. 18)
We visited Ban Thung Dap that is located on the southwest of tip of Ko Phra Thong Island. The tsunami height of 19.6 m was found, which is the highest record of our survey on the Thailand coast. This height was measured by the broken branch of a tree due to the tsunami current (Photo 2). This is not a single evidence, but we could also find several evidences at the same level on other trees here.
Ban Ma Kap (No. 21)
Ban Ma Kap is located at the south of Ko Koh Kao Island, and the ferryboat from Ban Nam Kim is served every hour. Both walls and a roof of an one-story house were broken as shown in Photo 3. The tsunami height was estimated to be 6.0 m. We considered that the sea water reached at least the damaged upper most tile of the roof. The population of Ko Koh Kao Island was about 800 before the tsunami. About 400 people were killed due to the tsunami, while most of those causalities were not residents but temporal workers from out of the island.
Ban Nam Kim (Nos. 25 and 26)
We could measure two tsunami heights that are close to each other as shown in Photo 4, and both of them were based on the water marks of 5.8 m and 6.4 m left on the walls. The distance between two water marks of about 50 m was too far to derive the current speed. This is why the effects of the dissipation are not negligible and the Bernoulli (the Torricelli) theorem cannot be applied. We found a clock broken by the tsunami, which stopped at 10:42 (Photo 5). There still remains a doubt that it was correctly working at that time, while the resident in Ban Nam Kim said the tsunami attacked at about 10:30. It means the tsunami attacked after about 2 hours and 30 minutes from the outbreak of the main shock. The main residential area of Ban Nam Kim extends south of these buildings. This town suffered from the tsunami most severely in Thailand. Tsunami height of 15.8 m was measured by the broken branch evidence of a tree, which is located at the south edge of the residential area of this town.
Tide Gauge Records in Thailand
Eight tide gauge stations exist on the coast of the Andaman Sea, of which five stations; Kuraburi, Tummakarg (Satun), Kan Trang, Krabi, and Ranong are operated by Thai Marine Department, and three stations at Tapanoi, Ban Laen Po and Tarutao are operated by Hydrographic Department of Royal Thai Navy (Fig. 2) . Although one of them at Ban Laen Po was not working during the tsunami attacks, seven tide gauge stations recorded the tsunami successfully.
Photo 6 shows a tide gauge station at Ta Phao Noi. A tide station house stands at the top of the tower standing in the sea area about 50 m from the shoreline and the sea water depth there is about 4 m. The tide gauge well is directly piled on the seabed and an intake hall is at a side of the well. The diameter of the well is 23 cm shown in Photo 6(a). The float buoy inside the well can move vertically, whose movement can load to the paper through the thread directly. Recorded sheet is rolled on the drum rotating by electricity, which completes one revolution per one day. Tide stations at Ranong and Kuraburi were also investigated as for diameter, water depth, and accuracy of time resolution. Although we visited the tide gauge station at Ban Laen Po, it was not permitted to do measurement because of restricted area of Royal Thai Navy. Properties of tide stations we investigated are shown in Table 2 .
In general, two days' waveform by the tide gauge is recorded on each sheet. A tide gauge record shown in Fig. 3(a) ), followed by the minimum level of 90 cm at 10:58 (indicated by B), then flooded by 136 cm in peak-to-peak amplitude tsunami at 11:12 (indicated by C). Maximum peak-to-peak amplitude of 140 cm recorded at 14:28 (indicated by D time recorded on the sheet had been 11 minutes earlier than the corrected time. Because a sheet is replaced every two days, it is now impossible to evaluate that the time difference existed or not at the time of tsunami attacks. It should be noted that we have to pay attention to the read time of the tsunami arrival is correct or not. The better solution of this problem is considered to compare the tide gauge records to the predicted astronomical tide, and then to compensate based on the times at the flood and the ebb. Accuracy of tsunami arrival time recorded on the sheet at Kuraburi tide gauge station has been estimated. Tide gauge at Kuraburi completely recorded astronomic tide before the tsunami with no disturbances (Fig. 3(a) ). Therefore, we compare recorded tide to the predicted tide at 12:00 through 24:00 on 25th and at 0:00 through 12:00 on 26th in order to estimate the time differences. Recorded tide at Kuraburi compares to the predicted tide at Ban Laen Po in Fig. 4 . If the recorded tides were shifted 12 minutes earlier than the originals, the recorded tides well coincide with the predicted tides (Fig. 4) . This is why the recorded tide might be delayed in 12 minutes at that time. The corrected time related to the tsunami at Kuraburi should be shifted by 12 minutes earlier than the recorded time.
Conclusion
We carried out tsunami height measurements at totally 37 points along the Andaman Sea mainly on the coast except the coast where Matsutomi et al. (2005) and Satake et al. (2005) had surveyed. Maximum tsunami height was 19.6 m at Ban Thung Dap, and the second highest tsunami was found to be 15.8 m at Ban Nam Kim. It is noteworthy that the further northward from this area proceeds, the tsunami heights become lower, in particular, at the coast in Myanmar (Satake et al., 2006) . Averaged tsunami heights based on visible water marks around Ban Thale Nok and Ranong are 6 m and 3 m, respectively. Tsunami height around Ban Nam Kim was the largest, and that of other areas northand southward aside shows gradually lower.
We gathered the records at seven tide gauges on the coast of the Andaman Sea in Thailand working at the 2004 Indian tsunami. Possible time differences between corrected and recorded tides have been found. Comparing the flood and the ebb of the recorded tide at Kuraburi with those of the predicted tide on 25 and 26 December 2004, the time was delayed by 12 minutes. Accuracy of time resolution of the tide gauge data is somewhat unreliable, we should pay attention to read the time of the tsunami arrival for each tide station.
